The synthesis of new daunomycin-conjugates, i.e. succinyl derivative of daunomycin (DauSuc) coupled to oligoarginine (Arg n , n=4, 6 or 8) is described. These compounds are stable to certain conditions used for in vitro cellular experiments. All conjugates depending on the number of Arg residues possess antiproliferative effect against sensitive and MDR1 resistant human leukemia (HL-60) cells. DauSucArg 8 and DauSucArg 6 were more efficient than free DauSuc. Uptake studies show that conjugates are entering both sensitive and MDR1 resistant HL-60 cells.
Introduction
Anthracyclines (e.g. daunomycin (Figure 1 .), doxorubicin, epirubicin, idarubicin and mitoxantrone) are widely used antineoplastic agents in the treatment of various types of cancer; like osteosarcomas and acute myeloid leukemia. Daunomycin (Dau) has side effects, like cardiotoxicity 3 and its administration frequently results in resistance of tumor cells. 4 In the development of multidrug resistance (MDR), different factors could play essential role(s). For example the increased drug efflux 5 is often correlates with the over-expression of certain transporter proteins like P-glycoprotein (MRP1). 6 To overcome MDR new strategies were developed. One of these is the co-administration of the drug with an inhibitor of transporter protein(s). 6 Conjugation with oligopeptides (e.g. cell-penetrating peptides) 7 or macromolecules 8, 9 can be considered as a novel, alternative approach.
Dau has three suitable functions for covalent conjugation ( Figure 1 ). Replacement of the methyl ether group on C-4 is one of the possibilities. This strategy was used recently for coupling of Dau to triplex forming oligonucleotide(s). 10 A second option for attachment is provided by the presence of a primary amino group of the sugar moiety of Dau ( Figure 1 ) 11 .
Modification of 13-oxo group in the daunomycinone part ( Figure 1 ) by hydrazine, O-alkyl hydroxylamine was also successfully applied in early experiments for amino acid and dipeptide coupling. [11] [12] [13] Dau can be conjugated to carriers by direct or indirect strategy. In the direct strategy the amino group of Dau could be utilized for connection with amino acids and peptides. [11] [12] [13] Inclusion of spacer/linker moiety is frequently applied. Dau was conjugated with Neuropeptide Y modified by Cys at position 15 using maleimide linker to target neuroblastoma cells. 14 Maleimide linker was also coupled to Dau either on the 13-oxo group via an acidsensitive hydrazone bond or on the primary amino group via a stable amide bond. Dau also was attached to the C-terminal α-helix peptide of human melanoma growth stimulating factor via a polyethylene glycol (3400) dialdehyde linker to target melanoma. 15 Dau modified with either levulinic acid or 5-oxo-hexanoic acid was used to link to completely unprotected peptide fragments via oxime bond. 16 Human calcitonin was coupled with Dau via an maleimide linker. In this construct either an acid-stable amide bond on the primary amino group or an acid-labile hydrazone bond on the 13-oxo group was formed. Cell-penetrating peptides could deliver covalently attached bioactive cargo into various cell types. 23 Besides the oligopeptides of natural origin, synthetic peptides were also identified as efficient carriers. Oligoarginines represent a group of de novo designed cell-penetrating peptides. 24, 25 Studies of fluorescent oligoarginines suggested that the optimal chain length is six to eight Arg residues. 24, 26 It is interesting to note that only a limited number of studies was reported on the synthesis and biological activity of oligoarginine conjugated with potentially therapeutic compound (cyclosporin A 27 and ferrocene derivatives 28 ).
In this paper we describe the synthesis of a new group of daunomycin-oligoarginine (Arg n , n=4, 6 or 8) conjugates (Figure 2 .) in which a succinyl derivative of Dau is coupled to the oligopeptide. Our data reported here, suggest that all conjugates possess antiproliferative effect against sensitive and resistant human leukemia (HL-60) cells in vitro. Uptake studies outlined show that conjugates are entering both sensitive and resistant HL-60 human leukemia cells.
Results and Discussion
Dau was coupled to oligoarginine with different length (Figure 2 .) using a succinyl spacer between the two partners. The oligopeptide part of the conjugate contained 4, 6 or 8 Arg residues, while Dau was succinylated at the primary amino group of the daunosamine moiety. An amide bond was formed between the free carboxy function of the modified drug and the Nterminal amino function of the oligoarginine. Conjugates were purified, characterized and their stability was studied under conditions used for certain biological experiments. In comparative studies we have analyzed the cytostatic effect of these compounds, their components in vitro as well as the cellular uptake of the constructs by both sensitive and resistant human leukemia (HL-60) cells. 
Stability of oligoarginine conjugates of daunomycin
The stability of conjugates was studied under conditions used for certain biological experiments. The samples were incubated for 180 min at room temperature and then analyzed by chromatography. Data obtained suggest that no change occurred in the chromatogram after 3 h (data not shown). These results indicate that conjugates could be considered as being essentially stable under conditions applied.
In vitro cytostatic effect of oligoarginine conjugates of daunomycin
The antitumor effect of conjugates as well as free Dau and DauSuc was studied on sensitive and resistant HL-60 cells in vitro. The cells were incubated with a solution of compounds (c= 2.6 x 10 -4 -10 2 µM) for 3 hrs. After 72 hrs the percent of living cells was measured by MTT assay. The level of cytostasis (%) caused by the treatment, was measured as a function of concentration. Based on these curves the IC 50 values were determined and are outlined in Figure 3 . As expected, on sensitive HL-60 cells Dau has a high cytostatic effect as indicated by the low IC 50 value (IC 50 = 0.05 µM). In case of DauSuc the effect is less marked (IC 50 = 8.31 µM). This observation could be explained by the succinylation. As a consequence of this structural change, the positively charged amino group is now replaced by negatively charged carboxylic group under physiological conditions. Our data clearly show that this alteration results in 100 times lower antitumor effect under in vitro conditions. The Dau-conjugates of oligoarginines exhibited cytostatic effect on sensitive HL-60 cells ( Figure 3 ). However, this was influenced by the number of Arg residues present. The tetraarginine conjugate showed the highest IC 50 value (IC 50 = 24.5 µM), whereas the increasing chain length resulted in higher cytostatic effect; IC 50 values of the hexa-and octaarginine conjugates were 8.4 µM and 5.2 µM, respectively. It should be noted that the efficacy of DauSucArg 8 conjugate on sensitive HL-60 cells was slightly more expressed than that of the succinylated Dau (IC 50 = 5.2 µM vs IC 50 = 8.31 µM). These data suggest that the in vitro cytostatic effect of conjugates is dependent on the number of Arg residues present. Data show that the in vitro effect of the octaarginine conjugate is comparable with that of free DauSuc. The Dau-conjugates were cytostatic also on resistant HL-60/MDR1 cells ( Figure 3 ). In this case, the effect of free Dau was reduced by 3-fold (IC 50 = 3.31 µM) as compared of its activity on sensitive HL-60 cells. This confirms our previous findings 29 Figure 3 ). This effect was also dependent on the number of Arg residues present in the peptide chain ( Figure 3 ). DauSucArg 4 conjugate was the less cytostatic among conjugates studied (IC 50 = 25.6 µM). Conjugates with six Arg residues exhibited lower IC 50 value (IC 50 = 12.8 µM), while the presence of octaarginine resulted in the highest cytostatic effect (IC 50 = 4.0 µM).
In comparison with activity on sensitive cells, the conjugates with a different number of Arg residues almost fully preserved their cytostatic effect on resistant HL-60/MDR1 cells. The effect of tetra-and hexaarginine conjugates was slightly lower (IC 50 = 24.5 and 8.4 µM for sensitive and IC 50 = 25.6 and 12.8 µM for resistant cells, respectively). Perhaps the most important finding of these studies that DauSucArg 8 exhibited an even slightly better inhibitory property on resistant HL-60 cells (IC 50 = 5.2 µM for sensitive and IC 50 = 4.0 µM for resistant HL-60/MDR1 cells, respectively).
The results summarized above with conjugates suggest that these compounds (a) are essentially no substrate of MDR1 transfer protein and/or (b) could use another internalization pathway than daunomycin and therefore the MDR1 protein can not pump them out from the cell. In both sensitive and resistant HL-60 cells the effect of conjugates was dependent on the number of Arg residues present. These findings are in harmony with our previous results using ferrocenecarboxylic acid as a drug in oligoarginine conjugates. 28 We found that a conjugate with eight Arg residues is the most effective one, but the differences between DauSucArg 8 and DauSucArg 6 are not so pronounced. The effect of both conjugates was similar with that of free DauSuc. It is important to emphasize that all conjugates studied were effective not only on sensitive, but also on MDR1 resistant cells.
Cellular uptake properties of oligoarginine conjugates of daunomycin
Fluorescence properties of Dau could be preserved even after conjugation at the daunosamine function. 31 Therefore fluorescence intensity measurements could be used for studying the internalization of conjugates. Cell-uptake was examined also on sensitive and resistant HL-60/MDR1 cells using flow cytometry. First cells were incubated with the solution (c= 30 µM) of tetra-or octaarginine conjugates for 90 min, and fluorescence intensity of cells -proportional with the amount of internalized conjugates -was recorded. Experiments were performed with native and also with trypsin treated cells. Since conjugates comprise oligoarginine, these compounds are highly positively charged, and have marked tendency to bind to the cell membrane by electrostatic interactions. 25 It was previously reported that trypsin digests the protein and peptide on the outer surface of membrane, so the measurement of fluorescence intensity of trypsin treated cells corresponds only to conjugates present inside the cells. 32 In Fluorescence intensity of cells incubated with DauSucArg 4 conjugate was similar in both cases. However, the intensity of the fluorescence signal derived from cells incubated with DauSucArg 8 conjugate without trypsin treatment was higher than that of trypsinised cells. These results suggest that a significant portion of the conjugate with eight Arg residues could be bound at the outer surface of cell membrane more strongly than conjugate containing only four Arg residues. In addition, these data indicate clearly that the trypsin treatment is necessary to measure the correct amount of internalized conjugates.
In order to monitor the internalization, HL-60 sensitive and HL-60/MDR1 resistant cells were incubated with the solution of compounds including conjugates and DauSuc as control at different concentrations (c = 0.16 -100 µM ) for 90 min. The cells were treated with trypsin and fluorescence intensity as a function of concentration was measured. Results are depicted in Figure 5 . We found that the internalization of all compounds by sensitive as well as resistant HL-60/MDR1 cell, was concentration dependent ( Figure 5 ). The internalization of Dau is very efficient and the saturable manner of the uptake (data not shown) might suggest the involvement of active transport process. The succinylation markedly decreased the cell-uptake. However, free DauSuc was taken up to some extent (F mean = 127-178) by sensitive HL-60 cells already at low concentrations (c = 0.16-4 µM). From c = 4 µM the cellular uptake was increased without exhibiting a maximum level (c = 20 and 100 µM, F mean = 385 and 1056, respectively). It may be that the positively charged amino group, under physiological condition, plays crucial rules in the internalization of Dau. However, further experiments are needed to support this hypothesis considering that structural modification of Dau could decrease its spectral properties 31 (e.g. the ε value). Therefore we have used DauSuc in our experiments as control. The penetration of conjugates into sensitive cells was also dependent on concentration. The conjugation with oligoarginine increased the cell-uptake of DauSuc at c = 4 µM in case of hexa-and octaarginine, whereas the tetraarginine conjugate was internalized only at high concentrations (c= 20 µM and 100 µM, F mean = 3507 and 8038, respectively), but with increasing efficiency. We found that the cell-uptake of hexa-and octaarginine conjugates was more efficient reached maximum around c= 20 µM. Both conjugate internalized poorly at low concentration (c = 0.16 and 0.8 µM) and only from c = 4 µM showed significant cell-penetration. Comparing the translocation of the compounds the following order could be established at c= 20 µM: DauSucArg 6 > DauSucArg 4 = DauSucArg 8 > DauSuc. It is interesting to note that the tetraarginine conjugate penetrates more efficiency in sensitive HL/60 cells than the octaarginine variant at higher concentration (c = 100 µM). The hexaarginine conjugate showed the most effective penetration, but it was significantly better only at c = 20 µM. Taken together, our results with oligoarginine conjugates show that at low concentration (c = 4 µM) the hexa-and octaarginine are the best transporter molecule, but at high concentrations (c > 20 µM) the tetraand hexaarginine become more effective.
In case of HL-60/MDR1 resistant cells the uptake was also concentration dependent, but no compounds exhibit platoing internalization. The pattern of cell-uptake of DauSuc essential is the same with that of found in sensitive cells. However, the fluorescence intensity vs concentration curves of conjugates were different in comparison with those of sensitive HL-60 cells. The tendency of the translocation of tetraarginine conjugate was very similar: marked internalization occurred at high concentrations (c = 20 µM and 100 µM, F mean = 3979 and 15387, respectively). The ingestion of hexa-and octaarginine conjugates was very limited at lower concentrations (c = 0.16-4 µM), but increased after incubation with cells at higher concentration. Based on data collected the following hierarchy were established at c = 20 µM (at almost the same at c= 100 µM): DauSucArg 6 > DauSucArg 4 > DauSucArg 8 > DauSuc. This order is quite similar to that observed for sensitive cells, except that conjugate with four Arg residues was more efficiently translocated than DauSucArg 8 .
In summary, in cellular uptake experiments our data indicate that both sensitive and MDR1 resistant HL-60 cells internalize oligoarginine conjugate of DauSuc. This process is highly dependent on concentration and also on the number of Arg residues present in the conjugate. All three conjugates penetrate much more efficiently by both cell lines than the free DauSuc compound at concentration above 4 µM. At low concentration we could not detect internalization of conjugate with tetraarginine, which is correlate well with data from measurement of celluptake of fluorescent tetraarginine.
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Conclusion
We described here the synthesis of a new set of compounds composed of Dau and of oligoarginine. We found that these conjugates are stable under certain conditions used for the in vitro cellular experiments. The conjugation of DauSuc with hexa-and octaarginine resulted in new compounds in which the in vitro antitumor activity on sensitive HL-60 cells was preserved.
In resistant HL-60/MDR1 cells this effect was even increased as compared to DauSuc or maintained as compared to free Dau. The antiproliferative effect was dependent on the number of Arg residues: DauSucArg 8 > DauSucArg 6 >> DauSucArg 4 . Uptake studies show that conjugates are entering both sensitive and resistant HL-60 human leukemia cells. The uptake was only slightly dependent on cell types, but highly influenced by the concentration and by the number of Arg residues. Both cytotoxicity and cell-uptake data show that the hexaarginine and octaarginine transport Dau into cells efficiently at low concentration. In spite of the fact that the hexaarginine conjugate exhibited the highest internalization , its antitumor effect was lower than that of the octaarginine conjugate. It is one possibility that the internalization mechanism for hexa-and octaarginine conjugates is not the same therefore the uptake of DauSucArg 6 is higher than of DauSucArg 8 . It is also attractive to speculate that there are differences in the fate (metabolism, mechanism of action) of the two conjugates resulting in higher antitumor efficiency for the conjugate DauSucArg 8 . Further studies to clarify the mechanism of action and also to investigate the in vivo antitumor effect of DauSucArg 8 and DauSucArg 6 are in progress.
Experimental Section
General Procedures. The crude products were purified on RP-HPLC using a semi-preparative Phenomenex Jupiter C18 column (250x10 mm I.D., 10 µm silica, 300 Å pore size) (Torrance, CA, USA). Flow rate was 4 mL/min. Peaks were detected at λ=220 nm at RT. A eluent was 0.1% TFA in water and B eluent was 0.1% TFA in acetonitrile-water (80:20, V/V). Analytical RP-HPLC was performed on a Knauer (Herbert Knauer GmbH, Berlin, Germany) system using a Phenomenex SYNERGI MAX-RP column (250x4.6 mm I.D., 4 µm silica, 80 Å pore size) (Torrance, CA, USA) as a stationary phase. Linear gradient elution (0 min 0% B; 5 min 0% B; 50 min 90% B) was generated. Flow rate of 1 mL/min was applied at ambient temperature. Peaks were detected at λ=220 nm. The samples were dissolved in eluent B. Positive ion electrospray ionization mass spectrometric analysis was performed on a Bruker Esquire 3000 plus (Germany). The samples were dissolved in acetonitrile-water (50:50, V/V), containing 0.1% acetic acid. 1 H NMR spectra were recorded at 250 MHz (250 MHz, Bruker) in DMSO-d6 solution with tetramethylsilane as an internal standard.
N-Succinyl-daunomycin (DauSuc)
. Daunomycin x HCl (20 mg, 35.5 µmol) was reacted with 2 eq. succinic anhydride (7 mg, 71.0 µmol) in presence of 3 eq. DIEA (18 µL, 106.5 µmol) as base in 1 mL DMF at room temperature for 5 h. The reaction mixture was diluted by 2 mL of eluent A and was purified by RP-HPLC. Oligoarginines. These compounds were synthesized manually by solid phase methodology on Rink-amide resin (0.335 g, 0.73 mmol/g). The amount of resin was used in three parts during the synthesis. The side chain protecting group of Arg was 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl group. Fmoc protection from the N α -amino groups was removed with 2% piperidine and 2% 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU) in DMF (2+2+5+10 min) followed by washing with DMF (8x0.5 min) For coupling amino acid derivatives and N,N'-diisopropylcarbodiimide and HOBt dissolved in DMF were used in 3 molar excess for the resin capacity. The reaction proceeded for 60 min at RT. Then, the resin was washed (DMF (2x0.5 min), dichloromethane (DCM) (3x0.5 min)). The efficiency of the coupling was checked by ninhydrin assay. 33 After the removal of the last N α -Fmoc group, peptides was prepared by cleavage with 10 ml TFA containing 0.75 g phenol, 0.5 ml D.I. water, 0.5 ml thioanisole and 0.25 ethandithiol as scavengers. Crude product was precipitated by dry diethyl-ether, dissolved in 10% acetic acid and freeze-dried. The crude peptide was purified by RP-HPLC as described above by using the following linear gradient: 0 min 0%B, 5 min 0% B, 50 min 40%B. The pure peptides were characterized by analytical RP-HPLC and MS (Table 1) . Stability studies. The stability of conjugates was studied by analytical RP-HPLC under conditions described above with detection at λ= 214, 254 and 490 nm. The conjugates at c = 1 mg/mL were dissolved in RPMI 1640 medium (Sigma, R-6504, pH=7.4). Then the solutions were incubated at 37 °C. From the solution 30 µL was injected after 0, 90 and 180 min.
Analysis of the in vitro antitumor effect. Sensitive as well as MDR1 resistant human leukemia (HL-60) cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum. Cell culture was maintained at 37˚C in a humidified atmosphere with 5% CO 2 . To study the cytostatic effect of the conjugates 5x10 3 cells per well were plated on 96-well plates. After 24 hours incubation at 37˚C, cells were treated for 3 hours with the conjugates solved in serum-free RPMI-1640 medium. The compounds were used in the 2.6x10 -4 -10 -2 µM concentration range.
Cells treated with serum-free medium for 3 hours were used for control. After incubation cells were washed twice with serum-free medium and cultured for 3 days in complete medium. On the 4th day 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-assay was carried out. 45 µl MTT-solution (2 mg/ml) was added to each well (final concentration: 367 µg/ml). After 3.5 hours incubation purple crystals were formed by mitochondrial dehydrogenase enzyme of live cells. Cells were centrifuged for 5 minutes at 2000 rpm and supernatant was removed. Crystals were dissolved in dimethyl sulfoxide (DMSO) and the optical density (OD) of the samples was measured at λ=540 and λ=620 nm using ELISA Reader (Labsystems MS reader, Finland). OD 620 was subtracted from OD 540 . The percent of cytostasis was calculated using the following equation: Cytostasis % = [1-(OD treated /OD control )]×100, where OD treated and OD control correspond to the optical densities of treated and control cells, respectively. Cytostasis percent was illustrated in the function of concentration and IC 50 values were determined (IC 50 is the concentration which inhibits 50% of the cells in the division.).
Analysis of cellular uptake. Sensitive as well as MDR1 resistant HL-60 human leukemia cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum. Cell culture was maintained at 37˚C in a humidified atmosphere with 5% CO 2 . To study the cellular uptake of the conjugates and control compounds (Dau, DauSuc) 10 5 cells per well were plated on 24-well plates. After 24 hours incubation at 37˚C, cells were treated for 1.5 hours with the conjugates and control compounds solved in serum-free RPMI-1640 medium. The compounds were used in the 0.16-100 µM concentration range. Cells incubated only with serum-free medium for 1.5 hrs were used for control. After incubation cells were washed with HPMI and trypsinized for 10 minutes. (HPMI contains glucose, NaHCO 3 , NaCl, HEPES, KCl, MgCl 2 , CaCl 2 and Na 2 HPO 4 x 2H 2 O). The effect of trypsin was terminated by HPMI supplemented with 10% fetal bovine serum and cells were moved from the plate to FACS-tubes. After washing, cells were re-suspended in HPMI. The increase of the fluorescence intensity of HL-60 cells after this preparation was monitored by flow cytometry (BD LSR II, BD Bioscience, San Jose, CA). Data were analyzed with FACSDiVa software. For studying the effect of trypsin treatment the sensitive HL-60 cells were incubated with DauSucArg 4 or DauSucArg 8 conjugates at c= 30 µM as describe above.
